Purpose: To test the hypothesis that expressions of Na
S
jögren syndrome is an autoimmune disease, which causes functional impairment of the lacrimal and salivary glands, and is one of the most common causes of dry eye. 1 Although many theories have been proposed to understand the etiology of this debilitating disease, its causes are still largely unknown. 2 Rabbits with induced autoimmune dacryoadenitis (IAD) mimic many of the ocular surface symptoms and lacrimal gland (LG) pathological features characteristic of Sjögren syndrome and have been used extensively to study its pathophysiology. [3] [4] [5] Like other exocrine secretions, lacrimal fluid is produced in 2 stages: (1) secretion of primary fluid in the acini and (2) modification into the final fluid during transit through the duct system. Lacrimal fluid secretion is an osmotic process driven by the transepithelial secretion of electrolytes that is mediated by ion transporters and followed by water transport. [6] [7] [8] [9] [10] [11] [12] [13] Final lacrimal fluid has much higher [Cl 2 ] and [K + ] than primary fluid, which resembles an isotonic ultrafiltrate of plasma, 14, 15 suggesting that ductal cells either secrete these 2 ions or reabsorb other ions to make [Cl 2 ] and [K + ] higher in the final fluid. Therefore, Cl 2 channels in the LG, particularly those in the duct system, are likely to play important roles.
Three ion transporters involved in Cl 2 transport have been identified in the LG. Na + -K + -2Cl 2 cotransporter (NKCC) obligatorily couples fluxes of the 3 ions through plasma membranes. Two isoforms of NKCC have been identified so far: NKCC1 is expressed in many cell types, whereas NKCC2 is found only in kidney. 16 NKCC1 has been identified in the LGs of mouse, 10 rat, 11 and rabbit, 13 and stimulation studies showed that NKCC1 plays an important role in fluid secretion by the mouse exorbital LG. 10 Cystic fibrosis transmembrane conductance regulator (CFTR) functions as a Cl 2 -selective channel that can mediate either influx or efflux, depending on the orientation of the Cl 2 electrochemical potential gradient. CFTR has been found in the LGs of mouse, 17 rat, 11 and rabbit, 13 and a mice knockout study suggested that CFTR plays a significant role in LG secretion, especially in the ducts. 17 Chloride channel (ClC) is a superfamily of poorly understood ion channels consisting of approximately 13 members, which are responsible for transporting Cl 2 across plasma membranes. ClC3 has been found in the rat LG, 11 and our recent report showed the presence of messenger RNA (mRNA) and protein of ClC2g in the rabbit LG, 13 suggesting that ClC may also play a role in Cl 2 transport in LG secretion. The aim of the present study was to investigate the changes of NKCC1, CFTR, and ClC2g in rabbits with IAD, with particular emphasis on the lacrimal duct system. We have compared findings of mRNAs of these 3 transporters from whole LGs, acinar cells, and epithelial cells from various duct segments and their protein expressions from normal control rabbits and rabbits with IAD. Our results revealed significant changes of NKCC1, CFTR, and ClC2g in the LGs of rabbits with IAD and suggest that these changes may contribute to the reduced LG secretion in these animals.
MATERIALS AND METHODS

Animals
Two groups of adult female New Zealand white rabbits (Irish Farms, Norco, CA) were used. One group consisted of 3 rabbits with IAD, autoadoptively transferred by ex vivoactivated lymphocytes, whereas the other group consisted of 6 age-and sex-matched normal control rabbits. The procedures for IAD generation have been previously published. 3, 4 Rabbits were narcotized with a mixture of ketamine (40 mg/mL) and xylazine (10 mg/mL) and given an overdose of Nembutal (80 mg/kg) for euthanasia. Inferior LGs were removed and embedded in Optimal Cutting Temperature Compound (Sakura Finetek, Torrance, CA), frozen in liquid nitrogen, and stored at 280°C until use. This study conformed to the standards and procedures for the proper care and use of animals as described in the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic Research.
Laser Capture Microdissection
Frozen sections were collected with polyethylene naphthalate membrane-coated slides (Leica Microsystems) and stained with cresyl violet in ribonuclease-free conditions with the LCM Staining Kit (Applied Biosystems, Foster City, CA). Areas of interest in tissue sections were then laser captured using a PixCell II LCM System (Arcturus Bioscience, Mountain View, CA). Approximately 100 cells were collected for each acinus and duct segment sample for isolation of total mRNA, and 6 replicates of each acinus and duct segment were collected from each animal. 13 
RNA Extraction and Reverse Transcription
Total cellular RNA was isolated from RNALater-treated samples with RNeasy Midi Kit plus on-column deoxyribonuclease digestion to reduce the possibility of DNA contamination (Qiagen, Valencia, CA). RNA quality and quantity were evaluated using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). Five micrograms of total RNA samples were then reverse transcribed to complementary DNA (cDNA) only if the 260/280 ratio was more than 1.9 (High Capacity cDNA Reverse Transcription Kit containing random primers and MultiScribe Reverse Transcriptase; Applied Biosystems) according to the manufacturer's instructions.
Real-Time Reverse Transcription-Polymerase Chain Reaction Analysis and Preamplification
The sequences of primers and probes used in this study were listed in our previous publication. 13 Sequences were selected using Primer Express software (Applied Biosystems) and synthesized by Applied Biosystems. All probes incorporated the 5# reporter dye 6-carboxyfluorescein (FAM) and the 3# quencher dye 6-carboxytetramethylrhodamine (TAMRA).
For LCM samples, preamplification was performed using a TaqMan PreAmp Master Mix Kit (Applied Biosystems). The pooled assay mix was prepared by combining up to 50 mL of 203 TaqMan Gene Expression Assays into a single tube and using Nuclease-free water to dilute the pooled assays to a final concentration of 0.23. The 50 mL of preamplification reaction mixture included 25 mL of 23 TaqMan PreAmp Master Mix, 12.5 mL of 0.23 pooled assay mix, and 12.5 mL of cDNA sample. The reaction mixture was incubated in the DNA Engine Thermal Cycler for 10 minutes at 95°C followed by 14 cycles at 95°C for 15 seconds and 4 minutes at 60°C and then held at 4°C. The preamplification product was then diluted to 1:20 with 13 TE (Tris-EDTA, pH 8.0) buffer and analyzed by TaqMan real-time reverse transcription-polymerase chain reaction (RT-PCR).
For real-time RT-PCR, amplification was carried out on the ABI PRISM 7900HT Sequence Detection System (Applied Biosystems) using TaqMan Gene Expression Master Mix (Applied Biosystems) containing the internal dye, ROX, as a passive reference. The polymerase chain reaction (PCR) volume was 10 mL. It contained 13 TaqMan Gene Expression Master Mix, 300 nM forward and reverse primers, 250 nM probes, and 50 ng of cDNA template. The FAM signal was measured against the ROX signal to normalize for non-PCRrelated fluorescence fluctuations. The cycle threshold (C T ) value represented the refraction cycle number at which a positive amplification reaction was measured and was set at 103 the standard deviation of the mean baseline emission calculated for PCR cycles 3 to 15. Each sample was measured in triplicate. The difference between the C T values for each target mRNA and for the internal housekeeping gene, GAPDH, in each sample was used to calculate the abundance of target mRNA relative to the abundance of GAPDH mRNA in the same sample.
Immunofluorescence and Confocal Microscopy
Primary antibodies used were purchased from commercial vendors. The dilution for NKCC1 (goat polyclonal, N-16; Santa Cruz Biotechnology, Santa Cruz, CA) was 1:50, 1:250 for CFTR (mouse monoclonal; R&D Systems, Minneapolis, MN), and 1:100 for ClC2g (mouse monoclonal; Abcam, Cambridge, MA). Secondary antibodies used were fluorescein isothiocyanate-conjugated AffiniPure donkey antigoat and antimouse IgG (Jackson ImmunoResearch Laboratories, West Grove, PA), at a dilution of 1:200. Rhodamine-conjugated phalloidin, at a dilution of 1:200, was also used to stain F-actin to show the morphological profiles of LG.
The immunofluorescence technique has been described in detail previously. 13 Slides were observed with a confocal laser scanning microscope (LSM 710; Zeiss). Fluorescein isothiocyanate-conjugated secondary antibodies were visualized by excitation at 488 nm using an argon laser. Images were analyzed with LSM image browser and PhotoShop (Adobe Systems, Mountain View, CA).
Western Blot
LGs were homogenized in isolation buffer (5% sorbitol, 0.5 mM disodium EDTA, 0.2 mM phenylmethylsulfonyl fluoride, protease inhibitor cocktail, and 5 mM histidineimidazole buffer, pH 7.5) and centrifuged at 2000g for 20 minutes. Supernatant was denatured in sodium dodecyl sulfate-polyacrylamide gel electrophoresis sample buffer for 20 minutes at 60°C, resolved on a 4% to 20% gradient sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel (BioRad) and then transferred onto polyvinylidene difluoride (Immobilon-P; Millipore). To assess transporter proteins, a constant amount of proteins from each sample was analyzed. Membrane blots were probed with NKCC1 at a dilution of 1:200, CFTR at 1:1000, and ClC2g at 1:250. All blots were incubated with Alexa 680-labeled donkey antigoat or goat antimouse secondary antibody (Molecular Probes, Eugene, OR) and detected with an Odyssey Infrared Imaging System (LI-COR, Lincoln, NE). Densitometry analysis of resulting gel was performed by using the manufacturer's software.
Statistics
Student t test was used to evaluate the significance of the differences, and P , 0.05 was considered as significant.
RESULTS
Expression of mRNAs
The abundance of mRNAs for NKCC1 from whole LGs was significantly lower in animals with IAD (P , 0.05), decreased from 2.543 6 0.161 to 0.882 6 0.082 (Fig. 1) , a 65.3% decrease. Data from LCM samples indicated that mRNAs for NKCC1 were significantly more abundant in cells from acini than in cells from any duct segments. mRNA levels of different duct segments were varied. NKCC1 mRNA level was significantly less abundant in acinar cells from rabbits with IAD than from control LGs. 13 Its abundance was significantly higher in interlobular and interlobar ducts in animals with IAD, as compared with those from control animals ( Table 1) . 13 Cystic Fibrosis Transport Regulator CFTR mRNA abundance from whole LG was significantly lower in rabbits with IAD (0.005 6 0.001), as compared with controls (0.007 6 0.0008), a 22.9% decrease (P , 0.05, Fig. 2 ). Data from LCM samples indicated that significantly higher abundance of CFTR mRNA was detected in all duct segments than in acini, and its abundance appeared to increase stepwise from intralobular to interlobar ducts. Compared with mRNA abundances from control animals, there were no significant differences in acini and any duct segments, except in the intralobar duct, which was significantly lower (P , 0.05) in rabbits with IAD (Table 1) . 13 
Chloride Channel 2 Gamma Subunit
No significant difference of ClC2g mRNA abundance from whole LG was detected between control and IAD animals (P . 0.05, Fig. 3) . LCM results showed that mRNA abundance of ClC2g was the lowest in acini and interlobular and interlobar ducts, with the highest detected in intralobar duct. Compared with data from normal control rabbits, mRNA levels were significantly lower (P , 0.05) in acini and interlobular and interlobar ducts (Table 1) . 13 
Western Blot and Densitometry
By using immunoblotting of whole LG homogenates, we studied the expressions of NKCC1, CFTR, and ClC2g, as shown in Figure 4 . Densitometry analysis showed that expressions of NKCC1 and CFTR from animals with IAD were, respectively, 60% and 48% (P , 0.05) less abundant than those of normal control rabbits, whereas the level of ClC2g from rabbits with IAD was 30% more than that of control animals (P , 0.05).
Immunofluorescence Na
NKCC1-immunoreactivity (IR) was observed in all acinar and ductal cells of both control and IAD animals. In LG (left panel) of rabbits with IAD was significantly lower (*P , 0.05) than that of control rabbits, a 65.3% decrease. For LCM samples from rabbits with IAD (right panel), mRNA level was the highest in acini, and its abundance appeared to decrease as the ducts become bigger, with the lowest found in interlobar duct. D4, intralobular duct; D3, interlobular duct; D2, intralobar duct; D1, interlobar duct. Data are presented as mean 6 SEM. acinar cells, staining was stronger on lateral membranes than on the basal membranes (Fig. 5) . There was no staining of apical membranes of acinar and ductal cells in either control or IAD LGs. Ducts expressed weaker NKCC1-IR than acini, and no significant difference of distribution was observed between controls and rabbits with IAD.
Cystic Fibrosis Transport Regulator
Extensive CFTR-IR was present as punctate aggregates within the apical cytoplasm of all acinar and ductal cells, although the intensity was much stronger in ductal cells (Fig. 6 ). CFTR-IR in control rabbits and rabbits with IAD showed similar distribution patterns.
Chloride Channel 2 Gamma Subunit
Like CFTR-IR, ClC2g-IR was also present as punctate aggregates within the apical cytoplasm of all acinar cells (Fig. 7) . However, contrary to CFTR-IR, minimal ClC2g-IR was detected in ductal cells. ClC2g-IR distribution pattern in rabbits with IAD was similar to that of control animals.
DISCUSSION
Our data demonstrated the significant variations of NKCC1, CFTR, and ClC2g among acinar cells and ductal cells from various duct segments. In normal control rabbits, acinar cells were rich in NKCC1 and ClC2g, in support of their critical role in LG secretion. 13 Lacrimal fluid is first secreted as primary fluid by acinar cells and modified in the duct system. NKCC1 has been found to be expressed in the basolateral membranes of acinar and ductal cells of the mouse exorbital LG, and in situ functional studies showed that it plays a significant role in fluid secretion. 10 In rat LG, NKCC1 has also been found in the basolateral membranes of ductal cells but not acinar cells. 11 The present data confirmed our previous report regarding the presence and distribution of NKCC1 in rabbit. 13 Whereas acinar cells represent 80% of all the epithelial cells in LG, ductal cells have been estimated to make up 15%. [18] [19] [20] Most of the previous studies of LG have focused on the acinar cells, with only a few having paid sufficient attention to the ducts. The expression of NKCC1 in the ducts, although with a lower abundance of mRNA and protein expression, certainly suggests active Na + , K + , and Cl 2 in the ductal cells. In contrast to the distribution pattern of NKCC1 in acinar and ductal cells, CFTR showed a predominant presence in the ducts at both mRNA and protein levels, strongly suggesting the ducts' active involvement in Cl 2 transport. These results were in accordance with an elegant study from rat LG, 11 which reported the detection of CFTR in the apical membranes of ductal cells. In fact, a mouse mutant in the CFTR gene has been shown to have dilated acini that were presumably because of the back pressure caused by blocked ducts, and the mutant mice developed eye infections and were prone to persistent eye closure. 17 Patients with cystic fibrosis have the defective CFTR gene and are reported to have dry eye. 21 Contrary to the distribution patterns of both NKCC1 and CFTR, ClC2g appeared to be evenly distributed among acinar and ductal cells, although its abundance varied significantly among duct segments. Ubels et al 11 localized ClC3 in the apical membranes of rat lacrimal ductal cells and in acinar cells, although their findings could not be verified by another study that only detected the mRNA and protein of ClC3 in rat submandibular gland but not in LG. 22 However, other members of the ClC family have been found in salivary glands of mouse 23, 24 and rat. 25 We were unable to find any previous literature regarding the potential contributions of these 3 transporters to the reduced LG secretion in diseased state. However, studies in salivary glands, another exocrine gland that was very similar to LG anatomically and physiologically, showed that NKCC1, 26, 27 CFTR, 28 and ClC2g 22 play an important role in salivary secretion. Evans et al 26 demonstrated that NKCC1 was localized to the basolateral membranes of acinar cells, but not ductal cells, from parotid gland of wild-type mice. In NKCC1-deficient mice, however, a severe impairment of salivation was observed, and they concluded that NKCC1 was the major Cl 2 uptake mechanism across the basolateral membrane of acinar cells and is critical for driving saliva secretion in vivo. LGs (left panel) of rabbits with IAD was significantly lower than control animals (*P , 0.05). For LCM samples from rabbits with IAD (right panel), mRNA was the least abundant in acini, although its abundance increase as the ducts become bigger, with the highest being in interlobar duct. D4, intralobular duct; D3, interlobular duct; D2, intralobar duct; D1, interlobar duct. Data are presented as mean 6 SEM. 
Y, significant decrease; [, significant increase; 2, no significant difference.
Apical Cl 2 secretion across epithelial tissues provides the primary driving force for fluid secretion, and activation of apical Cl 2 channels, in conjunction with Cl 2 and Na + -coupled entry mechanisms that would mediate secretion or absorption in apical and basolateral membranes, is the rate-limiting step for fluid secretion by most exocrine glands. 24, 25, 28 The altered transport of Cl , as suggested by the significant decrease of mRNAs for NKCC1 and CFTR from whole LGs, and significant changes of NKCC1 and CFTR proteins in acinar cells and epithelial cells from various duct segments from rabbits with IAD strongly suggest that these changes may contribute to the reduced lacrimal secretion in rabbits with IAD, as documented before. 4, 5 These data are also consistent with the notion that exocrine secretion is dependent on NKCC1-and CFTR-mediated Cl 2 transport. 10, 24, 26, 28 However, the exact mechanisms of how these transporters mediate LG secretion in physiological and pathological conditions are unknown and certainly warrant further investigations.
ClC is a poorly understood group of Cl 2 channels, although several isoforms have been found recently in LG. 11, 13 The significant decrease of ClC2g mRNA in interlobular and interlobar ducts from rabbits with IAD suggests decreased secretion or increased absorption of ClC2g-mediated Cl 2 transport in these 2 duct segments. However, considering that CFTR is particularly rich in ductal cells, ClC2g-mediated Cl 2 transport may not play a role as significant as that of CFTR. Functional studies, that is, ex vivo perfusion studies by using dissected duct segments, may help to elucidate its role in LG secretion.
We acknowledge that changes of mRNA abundance and protein expression may not always correspond to each other and do not necessarily correspond to their functional status; thus, definite evidence must come from direct functional studies. It should also be noted that the mRNA abundance and protein expression of NKCC1 in the rabbit LG were much higher than those of CFTR and ClC2g, suggesting that NKCC1 plays a major role in Na + , K + , and Cl 2 transport in the rabbit LG. In mouse exorbital LG, Walcott et al 10 have elegantly demonstrated that NKCC1 is a significant player in fluid secretion. Moreover, both real-time RT-PCR and immunofluorescence results from our study showed that NKCC1 was predominantly present in acinar cells, suggesting that acini are their major functional site.
The primary lacrimal fluid resembles an isotonic ultrafiltrate of plasma at all flow rates, whereas the final fluid has markedly different compositions depending on the flow rates but generally with a much higher [ transporters in the ductal cells strongly supports the first explanation. These data are in accordance with previous findings regarding the active role of lacrimal ducts in LG fluid production. 6, 7, 11, 13, 29 We have found no published literature regarding the relative contribution that the ducts make to the total volume of fluid secreted by the LG, although it has been FIGURE 4. Western blots of NKCC1, CFTR, and ClC2g from whole LG homogenates of both normal control rabbits and rabbits with IAD. NKCC1 and CFTR were significantly decreased (*P , 0.05) in LGs from rabbits with IAD, whereas ClC2g was significantly increased (*P , 0.05). Each well was loaded with 40 mg of protein. b-Actin was used as a loading control (N = 3 each from 3 different animals). estimated that the ducts may account for as much as 30% of the final volume in physiological conditions. 7 Recent reports showed the beneficial effect of the ocular surface by the elevated [K + ] in lacrimal fluid. 30, 31 However, the benefit of having an elevated [Cl 2 ] in the lacrimal fluid is unclear. The significant presence of NKCC1, CFTR, and ClC2g in the duct system, particularly CFTR, which is predominantly localized to the ducts, certainly suggests that there is a need to have Cl 2 secreted from the ducts, resulting in higher [Cl 2 ] in the final lacrimal fluid. Unfortunately, all the FIGURE 6. Immunofluorescence of CFTR-IR. Control: CFTR-IR (green) was present as punctate aggregates within the apical cytoplasm of all acinar cells (arrowheads) and ductal cells (arrow), but the intensity in ductal cells was significantly higher. Rhodamine-conjugated phalloidin, which stains F-actin, was used to outline the morphological profile (red). IAD: the distribution pattern of CFTR-IR in LGs from rabbits with IAD, both acinar (arrowheads) and ductal cells (arrow), was similar to those from control animals (scale bar = 50 mm).
FIGURE 5.
Immunofluorescence of NKCC1-IR. Control: NKCC1-IR was present at basolateral membranes of all acinar (arrowheads) and ductal cells (arrow), but the intensity was lower in ductal cells. IAD: NKCC1-IR in the acinar and ductal cells from IAD rabbits exhibited a distribution pattern similar to that of control animals; the staining intensity in ducts (arrow) was also much lower (scale bar = 50 mm).
FIGURE 7.
Immunofluorescence of ClC2g-IR. Control: Like CFTR, ClC2g-IR (green) was also found in the apical cytoplasm as punctate aggregates (arrowheads). Contrary to CFTR-IR, minimal ClC2g-IR was seen in ductal cells (arrow). Rhodamine-conjugated phalloidin was used to outline the morphological profile (red). IAD: ClC2g-IR was stained in a similar pattern as in control animals, both acinar cells (arrowheads) and ductal cells (arrow) (scale bar = 50 mm).
3 transporters have not been studied in detail in the LG, let alone in the duct system. More studies into their roles are certainly needed.
We recognize that there are several other animal models that have been used widely for Sjögren syndrome-related dry eye studies, especially murine strains with genetic mutations. [32] [33] [34] Although studies using these models provide valuable information regarding the etiology of Sjögren syndrome, the IAD model has also been demonstrated to be an excellent model and has been used extensively. [3] [4] [5] We believe that studies using this rabbit model, one without genetic defect in contrast to the murine models, will also help us to understand the etiology of lacrimal dysfunction in Sjögren syndrome.
In summary, our findings demonstrated that there were significant changes of mRNA and protein expressions of NKCC1, CFTR, and ClC2g in rabbits with IAD. These changes occurred in both acinar cells and epithelial cells from various duct segments. These data strongly suggest that changes of NKCC1, CFTR, and ClC2g may contribute to the altered Cl 2 transport in rabbits with IAD, although direct functional studies are needed to provide definite evidence. Data presented here also support previous findings that acini and ducts play different roles in LG secretion and both acinar and ductal epithelial cells can secrete lacrimal fluid.
